Radio frequency signal detection by ballistic transport in Y-shaped
  graphene nanoribbons by Deligeorgis, George et al.
Radio frequency signal detection by ballistic 
transport in Y­shaped graphene nanoribbons
G.Deligeorgis 1,2 *, F.Coccetti 1,2, G. Konstantinidis 3 and R.Plana 1,2
1CNRS, LAAS, 7 avenue du colonel Roche, F-31400 Toulouse, France 
2Univ de Toulouse, LAAS, F-31400 Toulouse, France.
3Foundation for Research & Technology Hellas (FORTH) P.O. BOX 1527, 
Vassilika Vouton, Heraklion 711 10, Crete, Greece 
We report on the fabrication and room temperature measurements of a high 
frequency electrical signal detector. The device is based on the ballistic 
transport in graphene to detect a high frequency signal. The observed response 
is linear in the considered power range (-40dBm –  0dBm) and exhibits a 
sensitivity as high as 10 Volts/Watt. Finally the device detected signals up to 
50GHz with a maximum response at 10GHz. This device outperforms any 
previously reported carbon based detectors in frequency response and compares 
to current state of the art Schottky based detectors in dynamic range.
Graphene is attracting considerable attention in the past ten years, since its isolation by 
A. Geim and K. Novoselov [1]. The rates at which achievements are made public is 
astonishing. Although in electronics the main focus was towards transistors [2–4] where ultra 
fast operating speeds were promised, graphene has also surfaced at the epi-center of recent 
advances in sensing. Specifically chemical sensing [5], DNA sequencing [6], [7] and light 
detectors [8] operating in the GHz range have been demonstrated by exploiting the unique 
properties of the material. Graphenes' ability to transfer carriers with little or no scattering 
over a large distance [9], [10], has been proposed as a major feature for spintronics [11], [12] 
as well as for even more exotic effects such as the “Veselago” lensing effect [13]. Indeed 
graphene routinely exhibits a mean free path in the order of 300nm [14] which is significantly 
larger than the minimum feature technologically feasible in modern electronics. Until 
recently however, this remarkable feature, was not utilized in applications. This property can 
be used to obtain a group of devices where the transport phenomena are governed not by drift 
and diffusion but by ballistic transport of carriers [15], [16].
Radio frequency (RF) detectors have numerous applications ranging from metrology to 
RF demodulation for telecommunications. Numerous RF detection technologies exist and are 
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based on several different techniques. The most widely used today are micro-bollometers [17] 
and Schottky diodes [18]. Each technique has different advantages and disadvantages for 
detection in terms of linearity, frequency cut-off, minimum detected power and the ability to 
detect fast signals (important for reception in telecommunications). As far as carbon related 
RF detectors, few reports exist in the literature and they predominantly focus on rectifying 
contacts fabricated by carbon nanotubes [19].
In this work, we present our attempt to take advantage of the ballistic transport in 
graphene to create a device able to convert a high frequency signal into a low frequency 
electrical output.
The fabricated device consists of two high frequency ground –  signal –  ground ports 
between which, a coplanar waveguide structure is formed. The ground electrodes are 
continuous between the two ports. The right side (RF input port) leads to an open stub 
geometry. The gap between the signal and ground electrodes is ~2μm (Fig.1). Inside the 
signal to ground electrode gap, a series of “Y” shaped graphene nanoribbons are formed by 
Oxygen plasma etching. The left top and right top edges of each nanoribbon are electrically 
in contact with the signal and the ground electrode respectively. To contact the bottom edge 
of each nanoribbon, without contacting the center of the “Y” shaped graphene junction, a 
metallic air-bridge is formed between adjacent bottom electrodes. This metallic air-bridge is 
anchored at the bottom of each “Y” and eventually is electrically connected to the signal 
electrode that leads to the output port (left port in Fig.1). The patterns were fabricated by 
electron beam lithography on PMMA resist and all electrodes were realized by evaporation of 
a 2nm Cr / 250nm Au using an electron gun evaporator. Following lift-off of the excess 
metal, no other treatment was carried out on the device (no thermal or current annealing and 
no post-processing cleaning treatment).
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Figure 1:Top-view image of the fabricated device. The top inset shows the core of the device with more 
detail. The bottom inset show a detail of the air-bridge used to form the central electrode. The Y-shaped 
graphene nanoribbons reside below the suspended part of the air-bridge and connect to the center 
electrodes, the ground and the feet of the air-bridge structure. Thus a parallel action from all 
nanoribbons is obtained.
When an RF signal is applied to the input port, an alternating field formed in the gap of 
the coplanar waveguide will be applied to the nanoribbon junctions. The electric field will 
excert a force on carriers inside the graphene nanoribbon top arms. Should each nanoribbon 
junction be modeled by a star like resistance network, the response in the bottom electrode 
would be the sinusoidal input signal divided in amplitude by the access resistances 
corresponding to the two top arms that are connected to the signal and the ground electrodes 
respectively. Taking however into account the fact that ballistic transport may occur, a non 
linear response is expected [20].
To measure the device response, a high frequency signal generator was connected to the 
input port (Agilent 8257D). Input power levels between -40 and 0 dBm were used. Input 
frequency was varied from 50MHz up to 50GHz. On the output port, a spectrum analyzer 
(ROHDE&SWARTZ FSU) and a Digital Multimeter (Keithley DMM4200) unit were 
connected using a T-bias to separate low and high frequency signals. All measurements were 
performed at room temperature. The described setup enabled us to apply any given RF-signal 
to the device under test and measure the transmission in high frequency as well as the DC 
response of the device. High frequency losses were measured for the input port network in 
order to estimate the true power delivered to the device. All power values presented in this 
letter are corrected for this effect unless otherwise noted.
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Figure 2: Open circuit voltage (a) and current (b) response of the detector as a function of input power. 
The four curves correspond to different input frequencies.
The first experiment was to measure the response of the device as a function of input 
power. For each power delivered to the device the DC response was measured by the 
Keithley DMM connected to the output. Both the “Open circuit voltage” Voc and the “Short 
circuit current” Isc at the output port were measured. The investigated power range was varied 
from 0dBm down to -40dBm (RF source power). This experiment was repeated for four 
different input frequencies ranging from 50MHz to 50GHz.
The measured voltage response of the device is shown in a log-log plot for four different 
frequencies (Fig.2a). From fig.2 we can verify from the slope in the log-log plot that the 
response depends linearly with power for the measured power range which corresponds to 
four orders of magnitude. This is verified for all measured frequencies. The Isc follows a 
similar response in the range of 1nA to several uA. The corresponding plot is shown in 
Fig.2b. Plotting the data shown in Fig.2 in a linear plot (response as a function of power in 
Watts), the sensitivity of the device can be calculated. A response as high as 10Volts/Watt (at 
10 GHz) was obtained. 
We argue that such a response may not be explained by assuming a resistive behavior of 
the graphene nanoribbon junctions. Instead, a possible explanation is the ballistic transport of 
carriers in the junction. Carriers forced to move by the electric field present in the gap of the 
waveguide do so in the upper branches of the junction, some of them are forced towards the 
junction where they will either traverse the junction area without scattering – and enter the 
bottom arm – or they will scatter and move governed by drift. The carriers that do not scatter, 
will end up at the bottom arm where they may be collected by the output electrode. This 
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process does not depend on the sign of the electric field in the gap thus a rectification effect is 
developed. Such argument is supported by the fact that the total size of the junction is similar 
to the mean free path typically measured in graphene monolayers.
To accurately evaluate the frequency response of the device, the sensitivity was extracted 
as described in the previous paragraph for several frequencies. The sensitivity vs frequency is 
plotted in Fig.3. The response of the detector as a function of frequency can be divided in 
three regions. In the first, which corresponds to a frequency from 50MHz to 1GHz, the 
response is increasing. In the second part of the measured frequencies namely from 1GHz to 
10GHz the response is marginally increasing with the measured frequency. Finally in the 
range of 10GHz and upwards, the response of the device is declining. The same behavior is 
exhibited for both voltage and current response (not shown here).
Figure 3: Sensitivity as a function of input frequency. A maximum that corresponds to 10Volts/Watt was 
measured for 10 GHz and a cut-off frequency of 35 GHz. Low frequency losses can be attributed to 
impedance mismatch evident in scattering parameter measurements (not shown here)
To explain the frequency dependent response of the device, we should take a closer look 
at the RF behavior of the input port. Indeed for low frequency, a mismatch in impedance 
causes a significant input reflection loss which translates to reduced power at the core of the 
device where the nanoribbons reside. This phenomenon is particularly pronounced up to 1 
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GHz in the scattering matrix coefficients as measured using a vector network analyzer 
(VNA). This frequency coincides with the limit between regions I and II as identified in Fig3. 
At the high frequency limit, a significant reduction in response is exhibited. The origins of 
this cut-off frequency are still under investigation. Assuming a -3dB cut-off level compared 
to the maximum performance a cut-off frequency of 35GHz is calculated.
In conclusion we have designed, fabricated and characterized a RF signal detector based 
on graphene. The device is operating efficiently as a detector exhibiting a linear response as 
high as 10Volts/Watt over a large dynamic range and is able to detect signals at least as low as 
-40dBm (100nWatt). The measured performance is superior to any carbon based passive RF 
detector presented so far. Indications that the detector has a particularly fast response time 
pave the way towards RF applications of graphene based detectors of this kind. Such a device 
may significantly simplify the existing receiver circuitry used in modern electronics.
Acknowledgments
All authors would like to acknowledge support by the LEA-smartmems joint European 
laboratory. G. Konstantinidis would also like to acknowledge support by the Greek Graphene 
center.
References
[1]  K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, 
and A. A. Firsov, “Electric Field Effect in Atomically Thin Carbon Films,” Science, vol. 306, no. 
5696, pp. 666–669, Oct. 2004.
[2]  Y.-M. Lin, K. A. Jenkins, A. Valdes-Garcia, J. P. Small, D. B. Farmer, and P. Avouris, “Operation of 
Graphene Transistors at Gigahertz Frequencies,” Nano Letters, vol. 9, no. 1, pp. 422–426, Jan. 2009.
[3]  Y.-M. Lin, C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer, H.-Y. Chiu, A. Grill, and P. Avouris, 
“100-GHz Transistors from Wafer-Scale Epitaxial Graphene,” Science, vol. 327, no. 5966, p. 662, 
Feb. 2010.
[4]  L. Liao, J. Bai, R. Cheng, Y.-C. Lin, S. Jiang, Y. Qu, Y. Huang, and X. Duan, “Sub-100 nm Channel 
Length Graphene Transistors,” Nano Lett., vol. 10, no. 10, pp. 3952–3956, 2010.
[5]  F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Katsnelson, and K. S. Novoselov, 
“Detection of individual gas molecules adsorbed on graphene,” Nat Mater, vol. 6, no. 9, pp. 652–
655, Jul. 2007.
[6]  G. F. Schneider, S. W. Kowalczyk, V. E. Calado, G. Pandraud, H. W. Zandbergen, L. M. K. 
Vandersypen, and C. Dekker, “DNA Translocation through Graphene Nanopores,” Nano Letters, vol. 
10, no. 8, pp. 3163–3167, 2010.
6
[7]  H. W. C. Postma, “Rapid Sequencing of Individual DNA Molecules in Graphene Nanogaps,” Nano 
Letters, vol. 10, no. 2, pp. 420–425, Feb. 2010.
[8]  F. Xia, T. Mueller, Y. Lin, A. Valdes-Garcia, and P. Avouris, “Ultrafast graphene photodetector,” 
Nature Nanotech, vol. 4, no. 12, pp. 839–843, Oct. 2009.
[9]  K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J. Hone, P. Kim, and H. L. Stormer, 
“Ultrahigh electron mobility in suspended graphene,” Solid State Communications, vol. 146, no. 9?
10, pp. 351–355, Jun. 2008.
[10]  X. Du, I. Skachko, A. Barker, and E. Y. Andrei, “Approaching ballistic transport in suspended 
graphene,” Nat Nano, vol. 3, no. 8, pp. 491–495, 2008.
[11]  W. Han and R. K. Kawakami, “Long spin lifetimes in graphene spin valves,” 1012.3435, Dec. 2010.
[12]  V. K. Dugaev, E. Y. Sherman, and J. Barnasacute, “Spin dephasing and pumping in graphene due to 
random spin-orbit interaction,” Phys. Rev. B, vol. 83, no. 8, p. 085306, Feb. 2011.
[13]  V. V. Cheianov, V. Fal’ko, and B. L. Altshuler, “The Focusing of Electron Flow and a Veselago Lens 
in Graphene p-n Junctions,” Science, vol. 315, no. 5816, pp. 1252 –1255, Mar. 2007.
[14]  A. S. Mayorov, R. V. Gorbachev, S. V. Morozov, L. Britnell, R. Jalil, L. A. Ponomarenko, P. Blake, 
K. S. Novoselov, K. Watanabe, T. Taniguchi, and A. K. Geim, “Micrometer-Scale Ballistic Transport 
in Encapsulated Graphene at Room Temperature,” Nano Letters, vol. 0, no. 0.
[15]  C. Sinha and R. Biswas, “Unconventional ballistic transport through bilayer graphene electrostatic 
barriers,” Phys. Rev. B, vol. 84, no. 15, p. 155439, Oct. 2011.
[16]  H. Hartnagel, “A new device concept: Ballistic electron wave swing (BEWAS) to generate THz-
signal power, theory and experimental verification,” in Lasers & Electro Optics & The Pacific Rim 
Conference on Lasers and Electro-Optics, 2009. CLEO/PACIFIC RIM  ’09. Conference on, 2009, 
pp. 1–2.
[17]  P. L. Richards, “Bolometers for infrared and millimeter waves,” Journal of Applied Physics, vol. 76, 
no. 1, pp. 1–24, Jul. 1994.
[18]  D. Schoenherr, C. Bleasdale, T. Goebel, C. Sydlo, H. L. Hartnagel, R. Lewis, and P. Meissner, 
“Extremely broadband characterization of a Schottky diode based THz detector,” 2010, pp. 1–2.
[19]  Xianbo Yang and P. Chahal, “Large-area low-cost substrate compatible CNT Schottky diode for 
THz detection,” in Electronic Components and Technology Conference (ECTC), 2011 IEEE 61st, 
2011, pp. 2158–2164.
[20]  R. Gockeritz,̈  J. Pezoldt, and F. Schwierz, “Epitaxial graphene three-terminal junctions,” Applied 
Physics Letters, vol. 99, p. 173111, 2011.
7
